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EXPERTMENTAL EVATUATION OF SIZE EFFECTS ON STEADY-
STATE CONTROL PROPERTTES OF ELECTRON-
BOMBARDMENT ION THRUSTOR
by Eugene V. Pawlik and Shigeo Nakanishi

Lewis Research Center

SUMMARY

The steady-state gains (variations of beam current with changes in thrus-
tor input variables) were determined experimentally for a range of electron-
bombardment ion thrustor diameters. Thrustor operation was compared for 5-,
10-, and 20-centimeter-diameter exhaust beam sources, primarily at a specific
impulse of 4000 seconds, with mercury as the propellant. The steady-state
gains with respect to each thrustor input variable are presented for each
thrustor size. The effects of thrustor size on the control properties or gains
of the ion thrustor were slight except Tor the smallest unit. For this case,
propellant flow gains were higher than for the other sizes, and a quenching of
the plasma was noticeable at low flows.

Thrustor operation of a 1lO-centimeter-diameter unit was also investigated
with an alkali earth coated filament. The steady-state gains of this filament
were time variant during the initial operating period.

INTRODUCTION

Electron-bombardment ion thrustors have been extensively investigated
(e.g., refs. 1 to 3) and are at a state of develomment where typical thrustor
characteristics or functional relations between thrustor output and the input
variables can be obtained for use in propulsion-system design studies. The
steady-state gains or variations in ion beam current with changes in input
variables are useful parameters in control system design (ref. 4) and have been
determined experimentally for a lO-centimeter-diameter thrustor (ref. 5).

Since a range of thrustor sizes may be required for space-flight missions, in-
vestigating scaling effects on thrustor gains is of interest.

Possible applications of ion thrustors extend over a spectrum ranging from
station keeping and attitude control of satellites to primary propulsion sys-
tems for interplanetary vehicles. Correspondingly, the optimum specific im-
pulse, propellant flow rate, and thrustor size may vary considerably. In the
investigation of reference 6 the effects of scaling (for 5- to 20-cm-diam.
sources) upon ion source performance, as determined by the ion chamber operat-
ing efficliency, were noticeable only for the smallest thrustor size. The pur-



Figure 1. - Cutaway drawings of electron-bombardment ion thrustors.
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pose of the present investigation was
to determine whether there are signifi-
cant size effects on the gains of these
thrustors.

The results of these tests are
compared with those of a 1O0-centimeter-
diameter ion source previously reported
in reference 5.

APPARATUS
Thrustors

The three ion thrustors compared
herein produce 5-, 10-, and 20-
centimeter-dlameter exhaust beams.
Cutaway drawings of the thrustors are
shown in figure 1. The 5-centimeter
thrustor (fig. 1(a)) was a scaled ver-
sion of the 10-centimeter size (fig.
1(b)) and differed only in the filament
supports. The 20-centimeter size (fig.
i(c)) differed in distributor geometry
and magnetic field shape.

Interchangeable sharp-edged ori-
fices were used to control the propel-
lant flow rate from the steam-heated
vaporizer. A range of orifice sizes
was used to obtain equivalent propel-
lant flow rates corresponding to values
from 0.029 to 1.250 amperes of singly
charged mercury ions. The orifice
sizes used and the average calibration
flow rates are presented in the table
on page 3 for a vaporizer temperature
of 210.8° F. The flow rates were de-
termined by weight losses for a long
operating period with the vaporizer
held at a constant temperature.

After leaving the vagporizer
through the orifice, the propellant
atoms flow into the ionization chamber
through a flow distributor. The ion
chamber contains a cylindrical anode
with a length-to-diameter ratio of
about 0.75. A thermionic electron
emitter is located on the axis of the
chamber. An axial magnetic field in-



Orifice | Flow |Equivalent| Commonly
diameter,| rate, |flow rate,|used with
cm g/hr INs thrustor
amp diameter,
®, cm, of -
0.076 0.22 0.029 S
.093 .31 .041 5,10
.102 .46 .062 5,10
.127 .58 .078 5,10
.152 .84 .112 5,10
.183 1.21 .161 10
. 206 1.52 . 203 10
.254 | 2.33 .311 10,20
. 359 4.57 .610 20
. 440 7.21 .963 20
.508 9. 36 1.250 20

the ion chamber.

creases the probability of collision
between the emitted electrons and
the mercury propellant by preventing
the rapid escape of the electrons to
the anode. The field windings pro-
vide a tapered field with a
downstream-to-upstream magnetic-
field-strength ratio of approxi-
mately 0.6 along the axis of the ion
chamber. The downstream field is
measured at the screen grid and the
upstream field at the distributor.
The magnetic field strength at the
most efficient ion chamber operating
point varies approximately inversely
with the thrustor diameter (ref. 8).

During thrustor operation, the
electron bombardment of the mercury
propellant produces a plasma within

Most of the electrons in this plasma are extracted at the
anode, while the majority of the ions that diffuse to the screen at the down-
stream end of the chamber are accelerated to form the ion beam.

The accelerating system is composed of a pair of grids, which are desig-
nated the screen and the accelerator.

These two grids are alined and electri-
cally insulated by aluminum oxide spheres as shown in figure 1.
between the grids is determined by the diameter of the sphere used.

The spacing
The 0.130-

centimeter-thick molybdenum grids were match drilled with O.476-centimeter-

diameter holes on 0.635-centimeter equilateral triangular hole spacing.

The

distance between screen and accelerator was measured at five locations before
and after each run. The grid spacing was approximately 0.160 centimeter for
all the data presented.

The 5-centimeter-diameter thrustor employed two strands of twisted tanta-
lum wire for a filament, whereas the 10- and 20-centimeter-diameter units nor-

mally utilized a V-shaped tantalum ribbon.

The 10-centimeter-diameter thrustor

was operated with a barium oxide coated filament, which was wound with fine
tantalum wires to provide supporting surfaces for the emissive coating.

Facility and Electrical System

The ion thrustors used in this program were mounted in a thrustor compart-
ment connected by a 26-inch gate valve to a S-foot-diameter by 1l6-foot-long
vacuum tank. The tank is evacuated by four 3Z-inch-diameter oil diffusion

pumps backed up by an ejector and a mechanical pump.

A cutaway view of the

vacuum facility and the thrustor compartment is shown in figure 2.

A liquid-nitrogen-cooled condenser is used to supplement the diffusion

pumps.

The condenser has an area of approximately 33 square meters and to-

gether with the diffusion pumps enables the tank to be evacuated to 2x10-6 torr

3
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Figure 2, - Cutaway drawing of vacuum tank installation.
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and the thrustor compartment to
4x10-6 torr. With the 20-
centimeter-diameter thrustor oper-
ating, the tank pressure rose to
approximately 6x10-6 torr and the
thrustor compartment to

1x10™° torr.

Electrical power supplies and
meters were connected as shown in
the schematic diagram of figure 3.
Standard panel meters of 3-percent
accuracy were used for all elec-
trical measurements. The same
power supplies were used for oper-
ation of all three thrustor sizes.
No closed-loop regulation existed
in these supplies.

PROCEDURE
After the thrustor was

mounted in the thrustor compart-
ment, the tank was pumped down to

Steam was supplied to the vaporizer to start

the propellant flow and after a short waiting period (3 to 5 min) the system

reached operating temperature.
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Figure 3. - Wiring diagram of ion thrustor.
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Voltages were then applied to the thrustor.

Initiating the discharge usually
required raising the discharge
chamber voltage to about 70 volts,
but during thrustor operation the
discharge chamber voltage was nor-
mally set at 50 volts. At

50 volts doubly charged ions have
been shown to constitute 5 percent
or less of the ion beam (ref. 7).
The anode potential (or net accel-
erating potential) was maintained
at the desired positive voltage.
The screen and the distributor are
physically connected to the thrus-
tor body and consequently were at
the same potential. The filament
heater supply was connected to the
thrustor body through the filament
emission current meter. A nega-
tive voltage was applied to the
accelerator to prevent electron
back streaming from the tank to
the thrustor. Back streaming, in
addition to causing undesirable



arcing from the tank enviromment to the thrustor, could cause the ground return
meter (beam current) to read high and introduce a large error into the beam
reading. Values of the ratio of net-to-total accelerating voltage R equgl to
or below 0.8 have been found necessary to prevent electron back streaming

(ref. 5) for the accelerator grids used herein. All data presented herein were
taken without a neutralizer. Normal thrustor testing in a vacuum chamber does
not require the neutralizer to supply electrons because the ion beam is elec-
trically connected to the tank walls. During this operating mode, charge neu-
tralization is accomplished by electrons supplied from the walls and to a
smaller extent from the residual gas. Use of the neutralizer does not contrib-
ute significantly towards thrustor operation under these conditions (e.g., see
ref. 8).

The thrustors used in this study were primarily operated at conditions
corresponding to near-optimum performance. Previous investigations (ref. 9)
have shown that at a specific impulse of 4000 seconds a propellant utilization
efficiency mn, of 80 percent is very nearly the optimum on the basis of thrus-
tor efficiency. The primary inputs to the thrustor are the filament heating
current Jp, the accelerator potential V,, anode (net accelerating) potential

VI, the ion-chamber potential difference AVI, the magnetic field B (B « mag-
netic field current JM), and the neutral mercury propellant flow rate Jy
(measured in amp equivalent flow of Hg'). The major output of the thrustor is
the beam current JB because at a given net accelerating voltage and propel-
lant charge-to-mass ratio the thrust is a function only of ion beam current.
The thrustor is repre-
sented in figure 4 by its

Input: — —_— .
nputs two major components, the
Va = filament and the ion-
Vi = chamber - accelerator sys-
lon . .

Avy = chamber Outpt tem. The primary inputs
InB) = and g that determine the beam-
N = 1 ;ﬁﬂ”' current output are con-

¥ sidered to be independent
I Filament variables since a change
in any of the primary in-
3 ton thrustor @Escagbenm&awﬁ@m@
- influencing the remaining
Figure 4. - Block diagram of ion thrustor, input variables. The

filament emission current
Jp, which is shown as the output of the filament, can be considered a secondary
input variable to the ion chamber and the accelerator. The emission current is
a dependent variable and is influenced strongly by the filament heating current
and to some degree by each of the remaining variables. The gain of the ilon-
beam current with respect to each input variable was determined by varying the
input in question while maintaining the remaining inputs at constant values.
Varying the loading on several of the power supplies by changing the beam cur-
rent would cause a small voltage variation in the power supplies. This varia-
tion is a function of the unregulated characteristics of the supply used and
was corrected for in maintaining the inputs constant. Tor each setting of the
controlled input parameter, panel meter readings were recorded for each thrus-
tor variable. The data taken in this manner are presented for each thrustor



size in table T.

The thrustors were operated at beam currents ranging from a few milli-
amperes to 0.090, 0.165, and 1.100 amperes for the 5-, 10-, and ZO0-centimeter-
diameter thrustors, respectively. The thrustor inputs were varied over the en-
tire range of operational stability except for the magnetic field, which was
limited by the power supply. The net accelerating potential was varied from
1000 to 4500 volts and the accelerator potential from -200 to -2000 volts.
Ton-chamber potential difference was investigated over a range of 20 to
90 volts for all three thrustors. Magnetic fields of 16 to 148 gauss were used
on the 5-centimeter-diameter thrustor and 4 to 24 gauss on the 20-centimeter-
diameter thrustor. Barium oxide coated cathode data with the 1l0-centimeter-
diameter thrustor were obtained at a constant magnetic field of 30 gauss. The
full range of magnetic field from O to 50 gauss was covered with the 10-
centimeter-diameter thrustor during the investigation reported in reference 5.

RESULTS AND DISCUSSION

Tdentification of the functional relations between input and output is one
of the preliminary steps in control system design. The thrustor relations or
processes during steady-state operation have been identified and are reported
in reference 5 for the 10-centimeter-diameter thrustor. The process output of
interest, the thrust, can be presented as a function of the thrustor variables
by the following relation:

. m 2q 2m
F =nv = 3 INNy = Vi =Jdg ¥—=— V1 (1)

(A1l symbols are defined in the appendix.) Equation (1) is used with the as-
sumption that the ion beam consists of singly charged ions and that the flow is
one dimensional. The net accelerating potential Vi and the propellant flow
rate JN are directly controlled. The thrust can be represented as an explic-
it function of the beam current for any given setting of the net accelerating
voltage. The beam current in turn can be expressed as a function of the thrus-
tor inputs. Changes in beam current can therefore be represented by the fol-
lowing linear relation:

ATy AT oJg oTg AT oJp

In the prior study of control properties it was expedient to present func-
tional relations in the form of ratios about a design point or base point of
the thrustor variables in order to reduce filament time variance effects and
also to minimize the influence of the parameters on the emission current
levels. This normalization becomes even more significant in the present study
since a comparison over a wide range of beam outputs is presented. The normal-
ized form of equation (2) that was convenient is
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The steady-state thrustor gain or change in thrust level with a change in input
level is represented by a partial derivative B(JB/JB O)/Bxi for each input
variable x;. The thrustor gains are readily obtainable by operating the
thrustor with all inputs constant except =x;. Deviations about an operating
point may be represented to first-order accuracy by a summation of the changes
in the inputs and the gains of the system:

AlZB ks A[E) ik ave vk, av, 4k A(AV)+—KN (AT) Al2 (4)
T =Kp OlF 1 &V +Kp &Vp +Kp A N+KM%

B,0 F,0 ,

This linear relation is valid only for small excursions in the input variables.
It would also be expected to hold over a range of thrustor diameters provided
that nonlinear effects did not arise because of thrustor size.

In the discussion that follows, the variations in ion beam current with
the input parameter changes are examined in the following order: neutral pro-
pellant flow rate Jy, filament heating current Jp, filament emission current
Jg, anode potential VI, accelerator potential Vy, ion-chamber potential dif-
ference or discharge voltage ANI, and magnetic field intensity B. The dis-
cussions on filament heating current, filament emission current, and discharge
voltage include data for a lO-centimeter-diameter thrustor that utilized a bar-

ium oxide coated filament as well as the refractory metal filament normally
used.

Most thrustor operation was compared at an anode voltage of 2500 volts.
With mercury as the propellant this voltage corresponds to a specific impulse
of about 4000 seconds as determined by

- the equation I = v/g).
Thrustor diameter,|Magnetic field ny(v/e

P, at screen, Each thrustor size was operated at
cm By a magnetic field strength that minimized
gauss ion-chamber discharge losses. These

values of magnetic field strength were

S S6 used as base point levels for each module
10 30 size and are tabulated as shown in the
20 16 table at the left.
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Figure 5. - lon-beam-propellant flow characteristics for 5-centimeter-diameter thrustor. Anode potential, 2500 volts; accelerator po-
tential, -625 volts; ion-chamber potential difference, 50 volts; magnetic field, 56 gauss.
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Neutral Flow

The 5- and the 20-centimeter-diameter thrustors were both operated over s
range of neutral propellant flow rates and compared with similar data for the
10-centimeter-diameter thrustor of reference 5. Orifice sizes corresponding to
a flow rate ranging from 0.029 to 0.112 ampere of singly charged mercury ions
were used with the S5-centimeter-diameter unit. These data are presented in
table I(a). Cross plots of beam current against filament emission current from
table I(a) were used to obtain the plots of ion-beam current as a function of
neutral propellant flow. These curves are presented in figure 5(a) for an
anode voltage of 2500 volts. The emission current Jg 1is used as a parameter
to compare the dependence of beam current on ion-chamber performance. Dashed
lines are drawn on the figure to indicate curves of constant propellant utili-
zation efficiency. The magnetic field and discharge voltage were maintained at
56 gauss and 50 volts, respectively. The neutral propellant flow gain Ky 1is
shown in figure 5(b) for the same values of filament emission current as shown
in figure 5(a). The gains are essentially the derivatives at any point of the
beam-current - neutral-flow curves of figure 5(a). The derivatives were ob-
tained graphically and were plotted as points through which a smooth and con-
tinuous curve was faired.

The 10-centimeter-diameter thrustor had been previously investigated for
variations in beam current with neutral flow. This information, contained in
reference 5, is reproduced herein in figure 6. Data for orifice sizes corre-
sponding to flow rates of 0.078 to 0.311 ampere are plotted in figure 6(a).

The steady-state gains Ky are shown in figure 6(b) for several values of con-
stant filament emission current. The magnetic field was maintained at 30 gauss
and the discharge voltage at 50 volts.

Variations in beam current with neutral flow were obtained for the 20-
centimeter-diameter thrustor for flow rates corresponding to 0.311 to 1.250 am-
peres. These data are tabulated in table I(c) and are plotted in figure 7(a)
for a net accelerating potential of 4000 volts. Figure 7(b) shows the corre-
sponding gains Ky again for several values of constant emission current. The
magnetic field was maintained at 25 gauss and the discharge voltage at
50 volts. The 20-centimeter data were obtained at a higher anode voltage in
order +to maintain low accelerator impingement currents (see fig. 6 in ref. 3).
The effect of this higher voltage was to displace the curves of beam current
against neutral flow about 10 percent above those obtained at an anode voltage
of 2500 volts.

As shown in figure 5(a) (5-cm-diam. thrustor), at a constant value of
filament emission current, beam current output tends to drop rapidly at low
levels of neutral propellant flow rate. Thrustor operation at neutral flows
equivalent to 0.02 ampere of singly ionized mercury or lower could not be
achieved. The beam current dropoff occurs at flow rates Just below the flow
rate that yields the maximum propellant utilization efficiency for each curve
of constant emission current. This output dropoff was also noted for the 10-
‘centimeter-diameter unit but was not apparent for the 20-centimeter-diameter
thrustor for the range of neutral flows considered (fig. 7(a)). Thrustor effi-
ciency decreased rapildly for values of neutral flows within the dropoff region



because of an increase in lon chamber losses. The energy losses involved in
the ionization process are calculated by multiplying the ion-chamber potential
difference AV+ by the difference between the anode and the beam currents.
When this product is divided by the beam current, the quotient represents the
energy dissipated in the ion chamber per beam ion &. As shown in reference 8
the ion-chamber losses are much higher in the 5-centimeter-diameter thrustor
than in the two larger units. The radial potential drop within the chamber is
felt to be responsible for a greater portion of the ion-chamber power being
used for ohmic heating of the plasma as the thrustor size decreases. The ex-
pression for this radial potential variation is (ref. 10)

1041 5 §i/2 (5)
AV, = —— 2= 5
r 2%
ZﬂLcn_qE

If it is assumed that the electron current J_ is proportional to the
emission current and that the mean thermal potential of the electrons V_ does
not change greatly, a decrease in neutral propellant flow rate at constant
filament emission current would change the numerator of equation (5) but

slightly.

The number density of electrons n_\(or ions in a macroscopically neutral
plasma), on the other hand, would be expected to decrease in proportion to the
neutral propellant flow rate. In equation (5) the radial potential drop in-
creases inversely as the square of the number density. The ion-chamber losses
due to ohmic heating of the plasma associated with the radial potential drop
can thus be expected to rise rapidly with decreasing propellant flow rate, par-
ticularly in the presence of a higher magnetic field intensity (or smaller
electron cyclotron radius Lc) as 1s the case in the small-diameter thrustor.

The neutral flow gain for wvarious values of emission current for the
5-, 10-, and 20-centimeter-diameter thrustor sizes as shown in figures 5(b),
6(b), and 7(b) decreased rapidly to a minimum value as the propellant flow was
increased. The gains increased as emission current was increased. The value
of flow rate dJy at which the beam current dropoff occurred appeared to be
proportional to thrustor diameter for a filament emission current of 1 ampere.
The gains at high neutral flow rates for the 10- and 20-centimeter-diameter
thrustors were comparable at low values of filament emission current (below
3 amp). The gains of the S5-centimeter-diameter thrustor reached minimum levels
that were of the order of five times higher than those of the larger units at
comparable values of filament emission current.

For all subsequent discussions, the neutral propellant flow rate was held
constant at a value above the dropoff region (in a region of constant gain)
when the other inputs to the thrustors were investigated.

Filament Heating Current

A plot of beam current over a range of filament heating current inputs for
an anode voltage of 2500 volts is shown in figure 8(a) for the 5- and the 20~

10
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tential, -625 volts; neutral propellant flow rate, 0,161 ampere.

Figure 8. - Beam-current ratio as function of filament-heating-current ratio.

centimeter-diameter thrustors. The currents are expressed as a ratio or frac-
tion of a base point value, where all base point values are the thrustor oper-
ating values near a propellant utilization of 80 percent. Data are presented
for a range of propellant flow rates for each size thrustor. The data for the
larger thrustor for a range of propellant flow rates fell very close to those
presented for a refractory metal filament used with the 10-centimeter-dismeter
thrustor and reported in reference 5. The two curves in Ffigure 8(a) are from
this reference and represent two different refractory metal filaments that were
used with the 10-centimeter-diameter unit. These two filaments are felt to
represent an approximate range over which the characteristics of any given
filament may vary. The variations in the filament heating characteristics were
felt to be attributable to slight differences in the geometry of the filament
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and ion chamber and to filament attrition rates. The data from the smallest
thrustor for three values of propellant flow rate could also be described by a
curve from this reference, but a greater degree of scatter existed. Refractory
metal filament characteristics and the variations with use are described more

thoroughly in reference 11.

The 10-centimeter-diameter thrustor was also operated with a barium oxide
coated filament; these data are tabulated in table I(b). The results of the
beam to filament current variations for this type cathode are presented in fig-
ure 8(b). The data were taken after 3 and 15 hours of continuous operation.
The coated filament required a conditioning period during which the operation
characteristics changed considerably. After conditioning, a plateau region is
normally encountered, where a very gradual time variation in filament operation
is present. The two curves presented in figure 8(b) were taken after the major
portion of the filament conditioning had occurred. The data taken after
3 hours of operation are believed to represent the plateau region. The barium
oxide coated filament presented herein is in an early stage of development, and
the results may differ from a final version. On the basis of this preliminary
investigation, however, the oxide cathode exhibits characteristics similar to
those of the refractory filaments except that it was more sensitive near
JF/JF,O = 1. The filament power required to maintain a given emission current
was considerably lower than that required without the oxide coating. At values
of filament heating current ratios above 1 a region of incipient instability
existed. In this region localized filament heating seemed to occur as evi-
denced by pulsating hot spots, and an emission runaway condition seemed to

1.4
Y
</./
12 R
e o
el
LOT /
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o o gﬁ/ diameter, propellant field, potential, continuous
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& x 4 amp ]
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Figure 9. - Beam-current ratio as function of filament-emission-current ratio.
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exist. The instability was principally a function of discharge chamber voltage
and plasma chamber density.

The beam current ratios for various filament emission current ratios are
shown in figure 9. All three thrustor sizes and both refractory and oxide
coated cathodes are included in this figure and are compared with the curve ob-
tained for the 1lO-centimeter-diameter thrustor in reference 5 for a wide range
of operating conditions. The data for the three thrustor sizes and a range of
propellant flow rates, in general, fall quite close to the curve obtained for
the 10-centimeter-diameter size. A relation exists between beam and emission
current that is independent of thrustor size and operating conditions. The
largest deviation from this curve exists for the S5-centimeter-diameter thrustor
at propellant flow rates equivalent to 0.062 and 0.078 ampere. A departure
from the curve can also be found for the coated cathode for emission current

ratios greater than 1.

The filament heating current gains are presented in figure 10 as a func-
tion of filament heating current. These gains were graphically determined as
in the Neutral Flow section for each of the curves in figure 8. The gains were
also determined for the beam current to emission current data of figure 9 and
are presented in figure 11l. The emission current gains are relatively well de-
fined by a single functional relation independent of filament characteristics
or thrustor size. The input to output relation, as determined through the ion
chamber and accelerator section of the block design of figure 4 (p. 5), seems
therefore to be the more significant. The emission current for a flight thrus-
tor would therefore be specified, and a control loop would be necessary to
maintain this value by adjusting the inputs to the filament.

o] 1 T 14
Curve A (ref, 5)
|~ — ——-—~Curve B (ref. 5
I — Coated filament (after 3 hr of L2 B

10 continuous operation)

I Coated filament (after 15 hr of
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Figure 10. - Filament heating current gain as function of filament
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Anode Voltage (Net Accelerating Potential)

The beam current ratio as a function of anode voltage (net accelerating
potential) is shown in figure 12 for the 5- and the 20-centimeter-diameter

L2

— Thrustor
diameter, - [}

P a.4-—
cm 4D

b— O 5 — -1
o E //ﬁ/
10(Ref. 55T [ L&

5/

—
by
-

Beam current ratio, JBIJB 0
5
I

>
N
\

.80
1000 1400 1800 2200 2600 3000 3400 3800 4200
Anode potential, V, v

Figure 12. - Beam current ratio as function of anode potential for 5- to 20-centimeter-
diameter thrustor sizes. lon-chamber potential difference, 50 volts; accelerator po-
tential, -625 volts.

thrustors. (A curve for similar data obtained for the 10-centimeter size pre-
sented in ref. 5 is also shown in the figure.) The data were obtained at a
constant filament heating current and accelerator potential. Magnetic field
strength was held constant at the optimum value for each size thrustor as de-
scribed previously. All data were compared on the basis that the base point
beam current is a value near a propellant utilization of 80 percent at an anode
voltage of 2500 volts. Base point values of ion beam current used for compari-
son in this and in subsequent sections were 0.050 ampere for the S5-centimeter
size (50 amp/mz) and 0.475 ampere for the 20-centimeter size (29.7 amp/m?). In
the data from reference 5, a base point value of 0.125 ampere (31.3 amp/mz) was
used. The results indicated that

the input to output relation be-

tween anode voltage and ion beam " Thrustor '
is apparently independent of thrus- 1.2 dhgdﬂ.
tor size for the range of diameters 2 em
(=]
:m o 5
< 11 |l o 20 I
16x10° ——— £ 10 (Ref. 5) s
= = |0
5 § 1 o
o 5 LO— Q.
S 7 12 \\ E 9 o0
2 < \\ 2 e
% \ [-=]
e T N i | .
< I ] 0 -400 -800 21200 <1600 -2000  -2400
1400 1800 2200 2600 3000 Accelerator potential, Vu, v
Anode potential, V, v .
pot I Figure 14. - Beam current ratio as function of acceierator potential
Figure 13, - Anode potential gain as function for 5- to 20-centimeter-diameter thrustor sizes. lon-chamber po-
of anode potential. tentiai difference, 50 volts; anode potential, 2500 volts.
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considered. Steady-state gains determined for the 1lO-centimeter-diameter
thrustor would therefore be applicable for a 5- to 20-centimeter-diameter ion
beam thrustor. These gains are presented in figure 13.

Accelerator Voltage

The variation in beam current with accelerator potential is shown in fig-
ure 14. The faired curve again represents the 10-centimeter-diameter-thrustor
data from reference 5. The data for all three thrustor sizes define a common
curve within the experimental accuracy of the tests. The S5-centimeter-
diameter-thrustor data appears toc define a curve with a slightly lower slope,
hence a lower gain, but the resulting difference in beam current for acceler-
ator voltage changes of the order of 500 volts is negligible. The accelerator
potential gain K, is presented in figure 15.

5 8x107>
S g c & —
Q
0 -400 -800 -1200 -1600  -2000  -2400  -2800

Accelerator potential, Vp, v
Figure 15. - Accelerator potential gain as function of accelerator potential.
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Figure 16, - Beam current ratio as function of ion-chamber potential difference
for 5- to 20-centimeter-diameter thrustor sizes. Anode potential, 2500 volts;
accelerator potential, -625 voits.
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Discharge Voltage (Ion-Chamber Potential Difference)

The effects of discharge voltage upon the beam current are shown in fig-
ure 16. In addition to data on variation of thrustor size, the oxide coated
cathode data obtained after 15 hours of thrustor operation are also presented
in the figure. In contrast to the effects found with anode voltage and accel-
erator voltage, the beam current data exhibited a wider spread as thrustor size
and type of filament was varied. The general trend of the data with discharge
voltage, however, was similar for all sizes. At discharge voltages above
60 volts a slight upward trend in the beam current could be noted for both the
S-centimeter-diameter-thrustor and the coated-filament data. At discharge
voltages above 50 volts, the ion chamber operates with increased cathode heat-
ing by positive ion bombardment and increased multiple ionization of the mer-

cury ions. Both of these effects are in

016 the direction of increasing the beam
N current. The increased bombardment is
:S probably the more significant factor in
.012 Y; the case of the coated cathode because

\\j‘ 7 the increased filament heating results
.008 N in an increase in filament emission cur-
— ANy rent.
.004 ™~
| - S~ The steady-state gains for the
™~ . . . .
0 L1 ] curve in figure 16 are presented in fig-
% 4 50 60 70 8 90 yre 17. These gain values Ky are felt
lon~chamber potential difference, AVy, v to be representative of those that might

Figure 17. - Discharge voltage gain as function of be obtained over the range of thrustor

discharge voltage. sizes considered. After suitable condi-

tioning, coated cathodes also appear
L . to exhibit characteristics similar to
T those of the refractory filaments.

lon-chamber potential difference
gain, Kp, vl

\
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o @// The variation of beam current
with magnetic field strength is shown
in figure 18. The faired curve, rep-
B Thrustor  Base-point— resenting the 10-centimeter-diameter
diameter, m:£§“°- thrustor as before, and the data for
em By, — the 20-centimeter-diameter thrustor
gauss | exhibited about the same variation in
o 5 56 beam current both in trend and in mag-
o %(RfS) L nitude. Because the magnetic field
| L] e] Ll strength is scaled, the base-point

4 6 8 L0 1.2 14 1.6 1.8 field strength BO varied by a factor
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Figure 18. - Beam current ratio as function of magnetic thrustor diameter. The base pecint
field intensity ratio for 5- to 20-centimeter-diameter beam current J]3 0 covered a range
thrustor sizes. lon-chamber potential difference, 50 volts; 2
anode potential, 2500 volts; accelerator potential, -625 from 0.050 to 0.475 ampere. The only
volts. significant departure in the beam-
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current - magnetic-field function was found with the 5-centimeter-diameter
thrustor at high field strengths. As discussed previously, one of the possible
causes of poor ion-chamber performance with the 5-centimeter-diameter thrustor
is the energy dissipated in ohmic heating of the plasma. The ion-chamber ra-
dial potential difference as expressed by equation (5) is a function of the
cyclotron radius, which is inversely proportional to the magnetic field
strength. The energy dissipated in

2.4 ohmic heating therefore varies as
the square of the magnetic field
2.0 strength. A rapidly increasing

] energy loss of this nature is
thought to be one of the causes of
the difference in beam current out-
put at high field strengths for the
smallest thrustor. A study of the
ion chamber (ref. 12) has also

—
o

Magnetic field gain, Km
"

-ﬁ \\ noted this effect in the 10-
N . centimeter-diameter source at high
4 \\\\ - magnetic fields.
\'\..\ o

g T The values of the magnetic
.2 .4 .6 .8 1.0 1.2 1.4 16 1.8 field gain Ky were determined for

Magnetic field intensity ratio, B/B the curve in figure 18 and are pre-
Figure 19. - Magnetic field gain as function of magnetic field sented in figure 19.

intensity ratio.
CONCLUDING REMARKS

A program was undertaken to determine the effects of size on the process
characteristics of an electron-bombardment ion thrustor. The thrustor charac-
teristics and gains as presented in reference 5 for a 10-centimeter-diameter
thrustor were determined to be representative also of the 5- and the 20-
centimeter-diameter thrustors with the exception of variations of beam current
with neutral propellant flow. The greatest deviations existed for the smallest
size unit, especially in the region of low neutral propellant flow rates.

The 1O0-centimeter-diameter thrustor was also operated with a barium oxide
coated filament in addition to the refractory metal cathodes normally employed.
Process characteristics of the coated filament were somewhat time variant but,
in general, were close to those of the refractory filaments. The functional
relation of beam current ratio to emission current ratio, when determined about
a base point of 80-percent propellant utilization, was independent of thrustor
size and type of filament used.

The similarity of output characteristics to the various input variables
for thrustors covering a diameter range that varies by a factor of 4 permits a
few broad generalizations. An increase in thrustor size requires corresponding
increases in input power supply ratings commensurate with the output beam power
and thrustor efficiency. The gain characteristics of the thrustor itself are
relatively independent of the thrust level. The only control system character-
istics that may require modification in going from the smaller to the larger
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thrustor sizes investigated therefore appear to be those associated with the
characteristics of the input power supplies for space applications, which may
change with beam power level.

These conclusions consider only the steady-state behavior of thrustor
operation and may not be rigorously correct where the characteristic time,
which may be size dependent, becomes appreciable relative to the control system
response times.

lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, July 1, 1964
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APPENDTX - SYMBOLS
magnetic field, gauss
discharge chamber energy loss, ev/ion
thrust,.newtons
gravitational constant, 9.8 m/sec2
specific impulse, sec
accelerator impingement current, amp
ion beam current, amp
filament emission current, amp
filament heating current, amp
anode current, amp
magnetic field current, amp
neutral propellant flow rate, equivalent amp of Hg+
screen distributor current, amp
electron current
accelerator voltage gain, B(JB/JB,O)/BVA, v
discharge voltage gain, a(JB/JB,O)/a(AVI)’ v-1
filament emission current gain, B(JB/JB’O)/B(JE/JE,O)
filament heating current gain, B(JB/JB,O)/B(JF/JF,O)
anode voltage gain, B(JB/JB,O)/BVI, v-1
magnetic field gain, B(JB/JB,O)/S(B/BO)
neutral flow gain, BJB/BJN, amp/equivalent amp
electron cyclotron radius
ion chamber length

mass flow rate, kg/sec

charge to mass ratio, 0.4811x10° coulomb/kg for Hg*
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R ratio of net to total accelerating voltage, VI/(VI + IVAI)

VA accelerator potential (with respect to ground), v

V; - anode or net accelerating potential (with respect to ground), v
V_ electron thermal potential )
ANF filament potential difference, v

ANI ion-chamber potential difference (discharge voltage), v

ANM magnetic field potential difference, v

ANf discharge chamber radial potential variation, v

v average velocity, m/sec

X arbitrary input variable

'y propellant utilization efficiency, JB/JN

M. electron density

o) thrustor diameter, cm
om effective cross section
Subscript:

0 design or base point
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Ton-
chamber
potential
difference,
ANi,

v

50

TABLE

I.

~ THRUSTOR PERFORMANCE

(a) 5-Centimeter-diameter thrustor

Beam
current,

Jg»

amp

0.002
004
.006
.007

0.005
.010
.012
.015
.020
.022
.025

.026

0.010
.020
.030
.039
.045
.050
.052
.054
.056
.060

0.006
015
.027
.037
.045
.060

.066

0.010
.020
.030
.040

.050
.060
.070
.085
.090

0.049
.049
.050
.050
.051
.051
.052

- 054

Anode
current,

J1,
amp

0.10
.19

.60

0.12

Filament

emission

current,
Ig s
amp

0.11

1.1z
1.50
1.60
1.90
2.38
3.50

0.09
.19

1.79
2.20

0.10
.21
.38
.52
.72
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Neutral
propellant
flow rate,

Iy
equivalent
amp

0.029

0.041

0.062

0.078

0.112

0.062

Magnetic
field

" at
screen,
By,
gauss

56

l

56

56

56

56

Ratio of
net to total
accelerating

voltage,
Yt
vy o+ |V,

0.800

0.800

0.800

0.800

0.800

0.926
.893
.833
.800
.758
714
.625
.556




Anode
poten-
tial,

IJ

1000
1500
2000
2500
3000
3500
4000
4500

2500

2500

Accel-
erator
potential,

Vas

v

=625

-625

-625

TABLE I.

(a) Concluded.

Ion-
chamber
potential
difference,
AV,
-

50

50

Beanm Anode [Filament|Filament| Neutral |Magnetic| Ratio of
current, current,|emission|heating |[propellant| field [net to total
Jg; I current, |current, |flow rate, at accelerating
amp amp JIg» JIp, Ins screen,| voltage,
amp amp equivalent Bos - V1
amp gauss vy + [Vy
0.040 1.62 1.63 13.0 0.062 56 0.615
.043 1.58 1.60 .7086
.048 1.55 1.80 .762
.050 1.55 1.59 .800
.053 1.55 1.58 .828
.054 1.55 1.55 .849
.055 1.55 1.54 .865
.057 1.51 1.51 .878
0.029 1.30 1.30 13.0 0.082 56 0.800
.038 1.45 1.43
.042 1.52 1.53
.045 1.80 1.62
.048 1.63 1.70
.050 1.70 1.75
.054 1.80 1.88
.058 1.82 1.90
.060 1.91 2. 00
0.002 0.18 0.15 13.0 0.062 16 0.800
.026 1.54 1.77 22
.046 1.84 1.80 37
.048 1.82 1.80 45
.050 1.80 1.82 52
.050 1.80 1.82 59
.051 1.75 1.79 67
.051 1.67 1.73 74
.050 1.59 1.83 89
.048 1.54 1.56 104
.047 1.49 1.52 119
.045 1.35 1.41 " ‘, 148
(b) 1l0-Centimeter-diameter thrustor =
0.005 0.09 0.04 14.0 0.161 30 0.800
.020 .12 .10 17.86
.026 .20 .12 17.9
.053 .50 .40 19.5
.077 .90 .71 20.0
.106 1.40 1.19 21.0
.125 2.02 1.65 21.2
.153 2.55 2.00 21.8
.165 3.10 2.50 22.0
0.045 l1.12 1.00 21.2 0.161 30 0.800
.082 1.58 1.30
.105 1.77 1.51
.1186 1.86 1.51
.125 1.98 1.62
.134 2.10 1.85
.145 2.30 1.78
.155 2.55 1.90
.160 2.78 2.00

~ Continued.

THRUSTOR PERFORMANCE

S5-Centimeter~diameter thrustor
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Anode Accel-
poten- erator
tial, |potential,
Vi, Vs
v v
2500 -625
4000 -1000

24

TABLE I.

(b) Conecluded.

Ton-
chamber
potential
difference,
AVI,

v

50

50

Beam
current,

I,

amp

0.023
.040
.053
.070
.083
.100
.116
.125
.130
.145
155

(¢) 20-Centimeter-diameter

0.025
.050
075
.100
.125
.150
175
.200
.230
.250
.275
.300

0.050

.100
.150
.200
.250
.300
.350
.400
.450
.500
.550

.075
.150
.225
.300
375
.450
.527
.600
.675
. 750
.825

- Continued.
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amp
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10-Centimeter-diameter thrustor

Neutral
propellant
flow rate,

JN,
equivalent
amp

Filament
heating
current,

JF’

amp

15.5 0.161
17.2
18.9
19.9
20.2
21.2
22.1
22.2
22.9
23.7 "
24.0

thrustor
24.5 0.311
26.0
27.5
28.5
29.0
29.5
30.5
31.0
31.5
32.5
33.0 "
33.5

26.0
28.0
29.5
30.5
31.5
32.0
33.0
34.0
34.5
35.0
35.5

26.5 0.963
28.5
30.0
31.5
33.0
34.0
35.0
35.5
36.0
37.0

38.0 V

Magnetic
field
at
screen,
Bo,
gauss

30

186

16

Ratio of
net to total
accelerating

voltage,
Re I

v+ |VA|

0.800

0.800

0.800




Anode

poten-

tial,
V1»

4000

2500

2000
2500
3000
3500
4000

2500
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TABLE I.

(e) Coneluded.

Accel- Ton-
erator chamber
potential, | potential

Vas difference,
v 4&Vy,

v

~-1000 50

-625 50

-4.00 50
~500
-625
-800
-1000
-1500

-625 50

-625 25

30

40

45

50

55

60

70

50

BE-2367

Beam
current,

Jg»
amp

0.100
.200
.300
.400
.500

.700
.800
.900
1.000
1.100

0.025
.075
.125
175
.225
.275
.325
375
.425
.475
.500

0.465
.465
WATS
.480
.490
.505

0.450
475
.500
.520
.535

0.250
.325
.420
.450
475
.495
.505
.535

0.124
.320
.405
.435
.460
ATS
.480
.500
.520
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current,
I
amp
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33.0
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38.5
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THRUSTOR PERFORMANCE

20-Centinmeter-diameter thrustor
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“The acronauntical and space activities of the United States shall be
conducted so as to contribute . . . to the expansion of buman knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the vesults thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information coansidered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
nection with a NASA contract or grant and released under NASA auspices.

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.

TECHNICAL REPRINTS: Information derived from NASA activities
and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

Washington, D.C. 20546



